Introduction 1
In the last decade, the wood pulping industry has experienced a steady increase in the demand of dissolving-grade 6 sequence, i.e., a 2.95 microseconds proton 90-degree pulse and an 800 microseconds ramped (100-50 %) falling 155 contact pulse, with a 2.5 s delay between repetitions. A SPINAL64 pulse sequence was used for 1 H decoupling.
156
The Hartmann-Hahn matching procedure was based on glycine. The chemical shift scale was calibrated to the The accessible -OH groups in the pulps were quantified after deuteration in a dynamic vapor sorption (DVS) 179 apparatus (Surface Measurement Systems, UK). About 10 mg of air-dry bleached pulp were placed in a small 180 aluminum pan in a climate-controlled chamber of 100 cm 3 volume. The pan was connected to a microbalance 181 with a measuring accuracy of 0.1 µg. The pulp was first dried at 25 ºC by lowering the relative humidity (RH) in 182 the chamber down to 0% with nitrogen gas (flow rate 200 cm 3 min -1 ), until the change in pulp mass over a 10-183 minute period (dm/dt) was less than 0.0005 %. Thereafter, the RH in the chamber was increased to 95% in a 184 deuterium oxide (D2O) atmosphere and kept constant for 10 hours, during which the pulp mass reached an 185 equilibrium. Finally, the RH was lowered again to 0% with dry nitrogen gas until the change in pulp mass over a 186 10-minute period (dm/dt) was less than 0.0005 %. Because of the relative difference in molar mass between 187 hydrogen and deuterium, the amount of accessible -OH groups in the pulp sample was calculated according to Eq. 190 where A is the amount of accessible -OH groups, mf is the dry mass of the deuterated pulp sample at the end of 191 the experiment, and mi is the dry mass of pulp after the first drying sequence (before exposure to D2O). The atomic 7 mass difference between deuterium ( 2 H) and protium ( 1 H) was approximated to 1 g mol -1 . Based on the amount 193 of accessible -OH groups and the chemical composition of the pulp, the relative accessibility of -OH groups was 194 calculated from the theoretical value of 18.5 mmol and 15.2 mmol of -OH groups per gram of anhydroglucose
195
(AGU) and anhydroxylose (AXY) units, respectively. It was considered that -OH groups in the C2, C3 and C6 of 196 the AGU unit and those in the C2 and C3 of the AXY unit were accessible.
197
To exclude any hysteresis effects during the drying-rewetting-drying cycle, two pulp samples containing the 198 highest and lowest amount of hemicelluloses were subjected to the same sorption cycle as described above, but 199 the rewetting stage was performed in a water vapor atmosphere, instead of a D2O atmosphere. In both samples,
200
the difference in dry mass of pulp between the first and second drying sequence was less than 0.1%. The yield of birch wood chips after water pre-hydrolysis decreased along with increasing the P-factor (Table 1) .
227
The decrease in wood yield was mainly caused by the removal of the hemicelluloses (predominantly xylan), since 
232
After kraft pulping, the pulp yield decreased even further ( 
255
However, because of the partial degradation of cellulose during pre-hydrolysis and kraft pulping, the cellulose 256 yield at a given hemicellulosic content was considerably lower in those pulps subjected to higher pre-hydrolysis 257 intensities. For instance, at a hemicelluloses content of about 5%, the cellulose yield for the post-hydrolysed kraft 258 pulp (without pre-hydrolysis) was about 90% of the initial cellulose in wood. In comparison, the cellulose yield 259 for the P1000 pulp was only about 70%.
260
Despite the minor losses in cellulose yield with increasing post-hydrolysis time (Fig. 1a ), the intrinsic viscosity 261 of the unbleached pulps severely decreased with increasing the duration of the post-hydrolysis treatment, and thus 262 with decreasing the hemicellulosic content ( Fig. 1b ). This decrease in pulp viscosity, indicating a decrease in the 263 degree of polymerization (DP) of cellulose, was the result of hydrolytic cleavage of glycosidic bonds in the 264 cellulose chains that occurs in high-temperature water (Bobleter, 1994) . Contrary to the cellulose yield, the 265 9 intrinsic viscosity at a given xylan content was higher in those pulps subjected to higher pre-hydrolysis intensities, 266 because these pulps had a lower initial xylan content before post-hydrolysis, and thus needed shorter post-267 hydrolysis times to reach a similar purity level. (Table 2) , lower than the >90% required in pulps for dissolving 282 applications. Since it was not the purpose of this study to optimize the bleaching stages, the brightness may still 283 be improved by selecting more appropriate bleaching sequences or by adjusting the chemical charges. This is 284 particularly true in the case of the kraft and P1000 pulps, where an oxygen delignification stage prior to the 285 10 chlorine dioxide (D0) bleaching would be typically implemented to reduce the kappa number down to 6-8, similar 286 to the kappa values of the post-hydrolysed pulps. On the other hand, oxygen delignification would not be 287 recommended for pulps with low intrinsic viscosity, on order to avoid further degradation of the cellulose fraction 288 by oxidation (Sixta, 2006) . It should be mentioned that the optimization of bleaching may affect some of the 289 chemical, molecular and structural properties of the pulps as discussed in this study. Nonetheless, the results 290 presented in the following sections may be considered representative of the effects of pre-and post-hydrolysis on 291 pulp properties.
292
The chemical composition and viscosity data of the bleached pulps is shown in to bleaching would probably be required to lower the viscosity to suitable levels for entering the conversion 307 process to viscose fibers. Alternatively, the viscosity of the pulp P1000 could be adjusted with a water post-308 hydrolysis treatment, which not only decreases viscosity but also increases pulp purity, as shown by the properties 309 of the P1000_240.6 pulp in Table 2 . Water post-hydrolysis of PHK pulps could be considered as an alternative 310 method to acid hydrolysis for the adjustment of viscosity through controlled degradation of cellulose. In addition to viscosity values, the macromolecular properties of the selected bleached pulps were further studied 315 by determining their molar mass distribution by GPC (Fig. 2) . The peak in the low molar mass region,
316
corresponding to the hemicelluloses, was clearly visible for the kraft pulp but largely disappeared from the molar 317 11 mass distribution of all water-treated pulps. The peak corresponding to the cellulose fraction shifted towards lower 318 molar mass regions by increasing the intensity of the pre-hydrolysis and/or post-hydrolysis treatment. The 319 degradation of cellulose was also evident by a decrease in the weight average molar mass (Mw) and in the number 320 of molecules with a DP>2000 (Table 2) . The pulp P1000_240.6 had the lowest amount of molecules with DP<100, 321 while the pulps produced by pure pre-hydrolysis (P1000) or pure post-hydrolysis (Kraft_240.10), together with 322 the kraft pulp, had the highest amount of this DP<100 fraction. The presence of these short-chain molecules in 323 the pulp, originating from the hemicelluloses and from degraded cellulose fragments, appears to have a negative 324 effect on the mechanical properties of viscose fibers (Sixta, 2006) . Finally, increasing the intensity of the 325 hydrothermal treatment resulted in pulps with narrower molar mass distribution (see Fig. 2 and PDI values in 326 The supramolecular structure of the bleached pulps was investigated by solid state NMR and WAXS. The NMR 333 data showed that the lateral fibril dimension (LFD), a measure of the cellulose crystallite size, was about 4-5 nm 334 in all pulps (Table 3) . These values were in agreement with published data on fibril dimensions in kraft pulps 
336
& Liitiä, 2008). The LFD appeared to increase slightly from 3.9 nm in the kraft pulp to 4.1 nm in the P1000 pulp.
337
Interestingly, all pulps that were subjected to post-hydrolysis clearly showed a higher LFD, with values around 
346
this stage, the mechanism for the increase in LFD still remains unclear. In any case, the increase in LFD was also 12 accompanied by an increase in cellulose crystallinity, from 50% for the kraft pulp to about 57% for all post-348 hydrolyzed pulps (Table 3) 
352
NMR spectra originating from the C4 carbon (supporting information). 
353

357
Here, the fibrils in the kraft pulp formed the largest aggregates, as indicated by the lateral fibril aggregate 358 dimensions (LFAD), while the P1000 pulp had the smallest aggregates despite having rather similar fibril 359 dimensions as the kraft pulp (Table 3) . It has been reported that pulps produced by an alkaline process tend to 360 show larger aggregates than those produced or subjected to an acidic treatment (Wollboldt et al., 2010 
369
The specific surface area (SSA) in the wet state, which was computed from the LFAD, obviously showed that the 370 SSA was the lowest for the kraft pulp and the highest for the P1000 pulp, with SSA values for all post-hydrolyzed 371 pulps laying in between.
372
In general, qualitative variations in the supramolecular structure of cellulose detected by NMR tend to agree well (Table 3 ). In the 110 direction, the crystal size 377 was larger in all water-treated pulps than in the kraft pulp, while in the 1-10 direction the size was similar in all 378 pulps. The differences in the crystalline structure of cellulose, particularly in the 200 reflection, between the post-379 hydrolysed pulps and the kraft and P1000 pulps could be seen from the WAXS spectra (supplementary material).
380
Overall, the crystallite dimensions and their increase with increasing the intensity of the hydrothermal treatment 381 were in close agreement with those determined by NMR.
382
The sample crystallinity determined by WAXS was between 45-53%, increasing slightly from the kraft to the 383 P1000 pulp, and then further in the post-hydrolyzed pulps. By taking into account the chemical composition of 384 the pulps, the degree of cellulose crystallinity could also be estimated. In all pre-and post-hydrolyzed pulps, with 385 a high cellulose content (>93%), the cellulose crystallinity was similar to the sample crystallinity. Moreover, the 386 cellulose crystallinity determined by WAXS was in good agreement with the crystallinity values from the NMR 387 measurements (Table 3 ). In the kraft pulp, however, the cellulose crystallinity estimated by WAXS (61%) was 388 considerably higher than that determined by NMR (50%). It is well known that the presence of amorphous Probably the most important property of any dissolving-grade pulp is its reactivity, that is, how well the pulp 396 reacts (dissolves) in a particular chemical solvent system so it can be transformed into the desired final product.
397
The pulp reactivity depends on a variety of chemical, molecular and fibrillar features, but it is strongly related to 398 the accessibility of functional groups in the pulp, mainly -OH groups (Sixta, 2006) . In this study, the accessibility 399 of -OH groups was determined after deuteration of the samples at 95% RH in a D2O atmosphere. This relative 400 humidity should be enough to reach complete exchange of free -OH groups into -OD groups, as it has been 401 previously shown that the deuterium exchange in wood reaches a maximum at 60% RH (Taniguchi, Harada, & 402 Nakato, 1978).
403
The accessibility values for our pulp samples are shown in Table 4 . All post-hydrolyzed pulps had a similar 404 accessibility, with 54-58% of their -OH groups being reactive. The P1000 pulp clearly had the highest 405 accessibility, which was probably related to its high SSA, derived from the presence of small fibril aggregates.
406
On the other hand, the accessibility of the kraft pulp was lower than that of the P1000 pulp, but higher than that 407 of the post-hydrolyzed pulps ( Table 4 ). The fibril aggregates in the kraft pulp appeared to be the largest, and 408 correspondingly its SSA was the lowest. Therefore, the high accessibility of the kraft pulp may be related to its 409 high xylan content, because hemicelluloses are amorphous polymers with free -OH groups. It should also be 410 mentioned that in the case of the P1000 and kraft pulps, their accessibility values might be slightly underestimated,
411
because at the end of the deuteration stage (10 hours) the pulp mass did not seem to have reached yet an 412 equilibrium (dm/dt was about 0.001-0.0015%, compared to <0.0008% for the post-hydrolyzed pulps).
413
Nonetheless, differences in accessibility values with extending deuteration time might be expected to be rather 414 small.
415
14 The proportion of accessible -OH groups in the reference (commercial) pulp was lower than that in the P1000 420 pulp, despite the fact that both pulps were produced by PHK pulping of birch wood. However, the process 421 parameters during pre-hydrolysis, pulping and bleaching differed, which may have affected the accessibility of 422 the pulp. Moreover, the reference pulp was delivered in dry sheets, and was re-wetted in liquid water before the 423 DVS experiments. This additional re-wetting and drying cycle probably reduced the accessibility of -OH groups, 424 due to irreversible hydrogen bonding caused by the closure of pores during water removal (i.e. hornification)
425
(Weise, 1998).
426
In this study, the reactivity of the pulps in a viscose conversion process was first estimated by the Fock method,
427
which quantified the amount of regenerated cellulose in the xanthate. All post-hydrolyzed samples gave similar 428 amounts of regenerated cellulose, as indicated by the Fock reactivity values in Table 4 . Moreover, the pulp P1000 429 also showed similar reactivity than the post-hydrolyzed pulps, even though its accessibility was considerably 
445
The pulp reactivity to derivatizing chemicals was alternatively investigated by monitoring its rheological behavior 446 during dissolution in CED. According to this method, a pulp shows high reactivity if the initial dissolution rate 447 (IDR) is high and the time to complete dissolution (T0.1) is short (Ceccherini & Maloney, 2017). Interestingly,
448
the results in Table 4 indicate that those pulps with a high IDR also showed a high T0.1. In other words, the pulps The side-streams generated during the hydrothermal treatments of wood and pulp were analyzed to determine 458 their chemical composition (Table 5 ). In pre-hydrolysis, increasing the P-factor led to higher amounts of xylan- 
468
In the post-hydrolysates, the amount of xylan-based sugars decreased with increasing pre-hydrolysis intensity.
469
This was obviously a direct consequence of lower xylan content in the unbleached pulps and shorter post-470 hydrolysis times needed for pulps pre-hydrolyzed at higher P-factor. Since water post-hydrolysis was performed 471 16 in a flow-through reactor and under high flow rates, the xylan-based compounds were found quantitatively as 472 oligo-and/or polymers (Table 5 ). In pure post-hydrolysis (Kraft_240.10), the amount of xylose recovered from 473 the hydrolysate was about 10% on initial dry wood, similar to the amount of xylose (11%) recovered from pure Despite similar xylose recovery by pure pre-and post-hydrolysis, the molar mass of the xylan-based compounds
